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Impact of Shale Gas Development 
on Regional Water Quality 
R. D. Vidic, 1* S. L. Brantley, 2 J. M. Vandenbossche, 1 D. Yoxtheimer, 2 J. D. Abad 1 

Unconventional natural gas resources offer an opportunity to access a relatively clean fossil fuel that 
could potentially lead to energy independence for some countries. Horizontal drilling and hydraulic 
fracturing make the extraction of tightly bound natural gas from shale formations economically 
feasible. These technologies are not free from environmental risks, however, especially those related to 
regional water quality, such as gas migration, contaminant transport through induced and natural 
fractures, wastewater discharge, and accidental spills. We review the current understanding of 
environmental issues associated with unconventioral gas extraction. Improved understanding of the 
fate and transport of contaminants of concern and increased long-term monitoring and data 
dissemination will help manage these water-quality risks today and in the future. 

N atural gas has recently emerged as an en­
ergy source that offers the opportunity 
for a number of regions around the world 

to reduce their reliance on energy imports or 
strive toward energy independence (1, It may 
also be a potential transition fuel that will allow 
for the shift from coal to renewable energy re­
sources while helping to reduce the emissions of 
C02, criteria pollutants, and mercury by the pow­
er sector (3). The driving force behind this shift 
is that it has become economically feasible to 
extract unconventional sources of gas that were 
previously considered inaccessible. Convention­
al gas is typically extracted from porous sand­
stone and carbonate formations, where it has 
generally been trapped under impermeable cap­
rocks after migration from its original source rock. 
In contrast, unconventional gas is usually recov­
ered from low-permeability reservoirs or the 
source rocks themselves, including coal seams, 
tight sand formations, and fine-grained, organic­
rich shales. Unconventional gas formations are 
characterized by low permeabilities that limit the 
recovery of the gas and require additional tech­
niques to achieve economical flow rates (2). 

The archetypical example of rapidly increas­
ing shale gas development is the Marcellus Shale 
in the eastern United States (Fig. 1 ). I ntensivegas 
extraction began there in 2005, and it is one of 
the top five unconventional gas reservoirs in the 
United States. With a regional extent of 95,000 
square miles, the Marcellus is one of the world's 
largest known shale-gas deposits. It extends from 
upstate New York, as far south as Virginia, and 
as far west as Ohio, underlying 70% of the state 
of Pennsylvania and much of West Virginia. The 
formation consists of black and dark gray shales, 
siltstones, and limestones (4). On the basis of a 
geological study of natural fractures in the for-
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mation, Engelder (5) estimated a 50% probability 
that the Marcellus will ultimately yield 489 tril­
lion cubic feet of natural gas. 

Concerns that have been voiced in con-
nection with hydraulic fracturing and the devel­
opment of unconventional gas resources in the 
United States include land and habitat frag­
mentation as well as impacts to air quality, water 
quantity and quality, and socioeconomic issues 

Although shale gas development is in­
creasing across several regions of the United 
States and the world (such as the United Kingdom, 
Poland, Ukraine,Australia,and Brazil), this review 
focuses on the potential issues surroundingwater 
quality in the Appalachiai region and specifically 
the Marcellus Shale, where the majority of pub­
lished studies have been conducted. Our Review 
focuses on chemical aspects of water quality 
rather than issues surroundingenhancedsediment 
inputs into waterways, which have been discussed 
elsewhere 

Cause of the Shale Gas Development Surge 
Recent technological developments in horizontal 
drilling and hydraulic fracturing have enabled 
enhanced recovery of unconventional gas in the 
United States, increasingthe contributionof shale 
gas to total gas production from negligible levels 
in 1990 to 30% in 2011 ( 1 ). Although the first 
true horizontal oil well was drilled in 1929, this 
technique only became a standard industry prac­
tice in the 1980s Whereas a vertical well al­
lows access to tens or hundreds of meters across 
a flat-lying formation, a horizontal well can be 
drilled to conform to the formation and can there­
fore extractgas from thousands of meters of shale. 
Horizontal wells reduce surface disturbance by 
limiting the number of drilling pads and by en­
abling gas extraction from areas where vertical 
wells are not feasible. However, horizontal drill­
ing alone would not have enabled exploitation of 
the unconventional gas resources because the res­
ervoir permeability is not sufficient to achieve 
economical gas productiorby naturalflow.Hydrau­
lic fracturing--"hydrofracking," or "fracking"-

was developed in the 1940s to fracture and in­
crease permeability of target formations and has 
since been improved to match the characteristics 
of specific types of reservoirs, including shales. 

Hydraulic fracturing fluids consist of water 
that is mixed with prop pants and chemicals be­
fore injection into the well under high pressure 
(480 to 850 bar) in order to open the existing 
fractures or initiate new fractures. The proppant 
(commonly sand) represents generally -9% of 
the total weight of the fracturing fluid and 
is required to keep the fractures open once the 
pumping has stopped. The number, type, and con­
centration of chemicals added are governed by 
the geological characteristics of each site and the 
chemical characteristics of the water used. The 
fracturing fluid typically used in the Marcellus 
Shale is called slickwater, which means that it 
does not contain viscosity modifiers thatare often 
added to hydrofracture other shales so as to fa­
cilitate better proppant transport and placement. 

Chemical additives in the fluids used for hy­
draulic fracturing in the Marcellus Shale include 
friction reducers, scale inhibitors, and biocides 
(Table 1 and Box 1 ). Eight U.S. states currently 
require that all chemicals that are not considered 
proprietary must be published on line ), where­
as many companies are voluntarilydisclosingthis 
information in other states. However, many of the 
chemicals added for fracturing are not currently 
regulated by the U.S. Safe Drinking Water Act, 
raising public concerns about water supply con­
tamination. From 2005 to 2009, about 750 chem­
icals and othercomponentswere used in hydraulic 
fracturing, ranging from harmless components, 
including coffee grounds or walnut hulls, to 29 
components that may be hazardous if introduced 
into the water supply An inorganic acid such 
as hydrochloric acid is often used to clean the 
wellbore area after perforationand to dissolvesol­
uble minerals in the surrounding formation. Or­
ganic polymers or petroleum distillates are added 
to reduce friction between the fluid and the well­
bore, lowering the pumping costs. Antiscalants 
are added to the fracturing fluid so as to limit the 
precipitation of salts and metals in the formation 
and inside the well. Besides scaling, bacterial 
growth is a major concern for the productivity of 
a gas well (quantity and quality of produced gas). 
Glutaraldehyde is the most common antibacterial 
agent added, but other disinfectants [such as 2,2-
dibromo-3-nitrilopropionamide (DBNPA)orchlo­
rine dioxide] are often considered. Surfactants 
(alcohols such as methanol or isopropanol) may 
also be added to reduce the fluid surface tension 
to aid fluid recovery. 

Methane Migration 
As inventoried in 2000, more than 40 million U.S. 
citizens drink water from private wells In 
some areas, methane-the main component of 
natural gas-seeps into these private wells from 
either natural or anthropogenic sources. Given its 
low solubility(26 mg/Lat 1atm,20°C), methane 
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that enters wells as a solute is not considered a 
health hazard with respect to ingestion and is 
therefore not regulated in the United States. When 
present, however, methane can be oxidized by 
bacteria, resultingn oxygendepletionlow oxygen 
concentrations can result in the increased solubil­
ity of elements such as arsenic or iron. In addi­
tion, anaerobic bacteria that proliferateunder such 
conditions may reduce sulfate to sulfide, creating 
water- and air-quality issues. When methane de­
gasses, it can also createturbidityand, in extreme 
cases, explode(13, Therefore,the U.S. Depart­
ment of the I nteriorrecommendsa warningifwater 
contains 10 mg/L of CH4 and immediate action if 
concentrations reach 28 mg/L Methane con­
centrations above 10 mg/L indicatethataccumula­
tion of gas could result in an explosion(16). 

The most common problem with well con­
struction is a faulty seal in the annular space 
around casings that is emplaced to prevent gas 
leakage from a well into aquifers The inci­
dence rate of casing and cement problems in un­
conventional gas wells in Pennsylvania has been 
reportedp reviouslya s- 1t o2 %( Our count 
in Pennsylvania from 2008 to March 2013 for 
well construction problems [such as casing or ce­
menting incidents (18)] cited by the Pennsylvania 
Department of Environmental Protection (DEP) 
revealed 219 notices of violation out of 6466 
wells (3.4%) Of these, 16 wells in northern 
Pennsylvania were given notices with respect to 
the regulation that the "operator shall prevent gas 
and other fluids from lower formations from en­
tering fresh groundwater (violationcode 78.73A). 
Most of the time, gas leakage is minor and can 
be remedied. However, in one case attributed to 
Marcellus drilling and leaky well casings, stray 
gas that accumulated in a private water well ex­
ploded near the northeastern Pennsylvania town 
of Dimock. A study of 60 groundwater wells in 
that area, including across the border in upstate 
New York(20), showed that both the average and 
maximum methane concentrations were higher 
when sampled from wells within 1 km of active 
Marcellus gas wells as compared with those far­
ther away. Much discussion has since ensued as 
to whetherthe methanedetectedin these wells was 
caused by drillingor natural processes(21-24) be­
cause the area has long had sourcesof both thermo­
genic and biogenicmethaneunrelatedto hydraulic 
fracturing, and no predrilling baseline data are 
available. The averages reported in that study for 
sites both near and far from drilling are not dis­
similar from values for groundwaterfrom areas of 
Pennsylvania and West Virginia sampled by the 
U.S. Geological Survey (USGS) beforethe recent 
Marcellus Shale development began, or samples 
in New York state where high-volumehydrofrac­
turing is currently banned (Fig. 2). 

The reason gas is found so often in water wells 
in some areas is because methane not only forms 
at depth naturally, owing to high-temperature 
maturation of organic matter, but also at shallow 
depths through bacterial processes Both 
these thermogenic and biogenic gas types can 

migrate through faults upward from deep for­
mations or laterally from environments such as 
swamps (swamp gas) or glacial till (drift gas) 

In addition, gas can derive from anthro­
pogenic sources such as gas storage fields, coal 
mines, landfills,gas pipelines, and abandoned gas 
wells In fact, -350,000 oil and gas wells 
have been drilled in Pennsylvania, and the loca­
tions of -100,000 of these are unknown 
Thus, it is not surprising that gas problems have 
occurred in Pennsylvaniaong beforethe Marcellus 
development Pennsylvania is not the only 
state facing this problem because about -60,000 
documented orphaned wells and potentially more 
than 90,000 undocumentedorphanedwells in the 
UnitedStates have not been adequately plugged 
and could act as vertical conduits for gas 

As natural gas moves in the subsurface, it can 
be partially oxidized, mixed with other gases, or 
diluted along flow paths. To determine its prov­
enance, a "multiple lines of evidence approach" 
must be pursued For example, researchers 
measure the presence of other hydrocarbons as 

Production rate Watersheds 
(MMCF/D) Allegheny 

<0.1 
Delaware 

0.1 -1.00 
Erie 

1.01 -5.00 
Genesee 

well as the isotopic signatures of H, 0, and C in 
the water or gas ). Thermogenicgas in 
general has more ethaneand a higher 13C/12C ratio 
than that of biogenicgas. Stableisotopesin thermo­
genic gas may sometimes even yield clues about 
which shale was the source of the gas In 
northeastern Pennsylvan ia;esearchersirg uewhether 
the isotopicsignaturesof the methane in drinking­
water wells indicate the gas derived from the 
Marcellus or from shallower formations 

Although determiningthe origin of gas in wa­
ter wells may lead to solutions for this problem, 
the source does not affect liability because gas 
companies are responsible if it can be shown that 
any gas-not just methane-has moved into a 
water well because of shale-gas development 
activity. For example, drilling can open surficial 
fractures that allow preexisting native gas to leak 
into water wells This means that pre- and 
post-drilling gas concentration data are needed to 
determine culpability. Only one published study 
compares pre- and post-drilling water chemistry 
in the MarcellusShaledrillingarea. In thatstudy,a 

s 

5.01 -10.00 
Monongahela 

• 10.01 - 20.00 
Ohio 0 50 100 200 

• >20 
Potomac km 

X Nonproducing 
Susquehanna 

Centralized waste treatment plants 

Fig. 1. Marcellus Shale wells in Pennsylvania. Rapid development of Marcellus Shale since 2005 
resulted in more than 12,000 well permits, with more than 6000 wells drilled and -3500 producing gas 
through December 2012 (average daily production ranged from <0.1 to >20 million cubic feet/day 
(MMCF/D). Current locations of centralized wastewater treatment facilities (CWTs) are distributed to 
facilitate treatment and reuse of flowback and produced water for hydraulic fracturing. 
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sample of 48 water wells in Pennsylvaniainves­
tigated between 2010 and 2011within2500 feet 
of Marcellus wells showed no statistical differ­
ences in dissolved CH4 concentrations before or 
shortly afterdrilling(33). In addition, no statistical 
differences related to distance from drilling were 
observed. However, that study reported that the 
concentration of dissolved methane increased 
in one well after drilling was completed nearby, 

which is possibly consistent with an average rate 
of casing problems of -3%. 

The rate of detectionof methanein water wells 
in northeast Pennsylvania [80 to 85% 24 )] 
is higher than in the wider region that includes 
southwestern Pennsylvania [24% (33)], where 
pre- and post-drilling concentrations were statis­
tically identical. This could be a result of the small 
sample sizes of the two studies or because the 

Table 1. Common chemical additives for hydraulic fracturing. 

Additive type Example compounds Purpose 

Acid Hydrochloric acid Clean out the wellbore, dissolve 
minerals, and initiate cracks in rock 

Friction reducer 
Polyacrylamide, Minimize friction between the 

petroleum distillate fluid and the pipe 
Corrosion lsopropanol, acetaldehyde Prevent corrosion of pipe by 

inhibitor diluted acid 
Iron control Citric acid, thioglycolic acid Prevent precipitation 

of metal oxides 
Biocide GI utaraldehyde, 2,2-di bromo- Bacterial control 

3-nitrilopropionamide (DBNPA) 
Gel Ii ng agent Guar/xantham gum or Thicken water to 

hydroxyethyl cellulose suspend the sand 
Grossi inker Borate salts Maximize fluid viscosity 

at high temperatures 
Breaker Ammonium persulfate, Promote breakdown 

magnesium peroxide of gel polymers 
Oxygen scavenger Ammonium bisulfite Remove oxygen from 

fluid to reduce pipe corrosion 
pH adjustment Potassium or sodium Maintain effectiveness of 

hydroxide or carbonate other compounds (such as crosslinker) 
Proppant Silica quartz sand Keep fractures open 
Scale i nhi bi tor Ethylene glycol Reduce deposition 

on pipes 

Surfactant 
Ethanol, isopropyl alcohol, Decrease surface tension 

2-butoxyethanol to allow water recovery 

Box 1. Glossary of Terms 

Casing: steel pipe that is inserted into a recently drilled section of a borehole to stabilize the hole, 
prevent contamination of groundwater, and isolate different subsurface zones. 

Cementing: placing a cement mixture between the casing and a borehole to stabilize the casing 
and seal off the formation. 

Class 11 disposal wel Is: underground injection wells for disposal of fluids associated with oil and 
gas production. 

Flowback water: water that returns to the surface after the hydraulic fracturing process is 
completed and the pressure is released and before the well is placed in production; flowback 
water return occurs for several weeks. 

Produced water: water that returns to the surface with the gas after the well is placed in 
production; production water return occurs during the life of a well. 

Proppant: granular material, such as silica sand, ceramic media, or bauxite, that keeps the fractures 
open so that gas can flow to the wellbore. 

Slickwater fracturing: fracturing with fluid that contains mostly water along with friction 
reducers, proppants, and other additives; used for predominantly gas-bearing formations at 
shallower depths. 

Source rock: organic-rich sedimentary rocks, such as shale, containing natural gas or oil. 

Stray gas: gas contained in the geologic formation outside the wellbore that is accidentally 
mobilized by drilling and/or hydraulic fracturing. 

hydrogeological regime in the northeast is more 
prone to gas migration(34). Such geologicaldiffer­
ences alsomayexplainwhy regionsoftheMarcellus 
Shale have been characterized by controversy 
in regard to methane migration as noted above, 
whereas othershalegasareassuchas the Fayetteville 
in Arkansas have not reported major issues with 
respect to methane Reliable models that in­
corporate geological characteristics are needed to 
allow prediction of dissolved methane in ground­
water. It is also criticalto distinguishlaturaland an­
thropogenic causes of migration,geologicalfactors 
that exacerbate;uch migrationimdthe likelihoocbf 
ancillary problems of water quality related to the 
depletion of oxygen. Answering some of these 
questions will requiretrackingtemporal variations 
in gas and isotopic concentrations in groundwater 
wells near and far from drillingby using multiple 
lines of evidence(16, Research should also 
focus on determiningflow paths in areas where 
high samplingdensitycan be attained. 

How Protective Is the "Well Armor"? 

The protective armor shielding the freshwater 
zones and the surrounding environment from the 
contaminants inside the well consist of several 
layers of casing (hollow steel pipe) and cement 
(Fig. 3). When the integrityof thewellboreis com­
promised, gas migrationorstraygas can becomean 
issue Gas migration out of a well refers to 
movement of annulargas eitherthroughor around 
the cement sheath. Stray gas, on the other hand, 
commonly refers to gas outside of the well bore. 
One of the primarycausesof gas migrationor stray 
gas is related to the upper portion of the well bore 
when it is drilledintoa rockformationthatcontains 
preexisting high-pressuregas. This high-pressure 
gas can have deleterious effects on the integrity 
of the outer cement annulus, such as the creation 
of microchannels Temperaturesurveys can 
be performed shortly after the cementing job is 
completed in orderto ensurethatcementis present 
behind the casing.Acousticlogging tools are also 
available to evaluate the integrity of the cement 
annulus in conjunction with pressure testing. 

It is well known that to effectively stabilize 
wellbores with cement in areas with zones of 
overpressurized gas, proper cement design and 
proper mud removal are essential If the 
hydrostatic pressure of the cement column is not 
higher than the gas-bearing formation pressure, 
gas can invade the cement before it sets. Con­
versely, if this pressure is too high, then the for­
mation can fracture, and a loss of cement slurry 
can occur. Even when the density is correct, the 
gas from the formation can invade the cement as 
ittransitionsfrom a slurryto a hardenedstate(39). 
The slurry must be designedto minimizethis tran­
sition time and the loss of fluid from the slurry to 
the formation.Also, if drillingmud is not properly 
cleaned from the holebeforecementing,mud chan­
nels may allow gas migrationthrough the central 
portion of the annulus or along the cement­
formation interface. Even if the well is properly 
cleaned andthecementis placedproperly~hrinkage 
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of the cement during hydration or as a result of 
drying throughoutthe life of the well can result in 
crack development within the annulus 

Although the primary mechanisms contrib­
uting to gas migration and stray gas are under­
stood, it is difficultto predictthe risk at individual 
sites because of varying geological conditions 
and drillingpractices.To successfullyprotectfresh 
water and the surrounding environmentfrom the 
contaminants insidethe well, the site-specificrisk 
factors contributingto gas migration and stray gas 
must be betterunderstoodpnd improvementsin the 
diagnostics of cementand cas i ngi ntegrityire needed 
for both new and existingwells. Finding solutions 
to theseproblemswill provideenvironmentaegen­
cies the knowledgeneededto develop sound reg­
ulations related to the distances around gas wells 
that can be affected. It will also provide operators 
the ability to prevent gas migration and stray gas 
in a more efficient and economical manner. 

The Source and Fate of Fracturing Fluid 
The drilling and hydraulic fracturing of a single 
horizontal well in the Marcellus Shale may re­
quire 2 million to 7 million gallons of water 
In contrast,onlyabout 1 milliongallonsare needed 
for vertical wells because of the smaller forma­
tion contact volume. Although the projected wa­
ter consumptionfor gas extractionin the Marcellus 
Shale reg ion is 18. 7 m illiongallonsper day in 2013 

this constitute~ust0.2% of total annual water 
withdrawals in PennsylvaniaWaterwithdrawalsin 
other areas are similarlylow, but temporary prob­
lems can be experienced at the local level during 
drought periods (3). Furthermore, water quantity 
issues are prevalentin the drier shale-gas plays of 
the southwestand western United States It is 
likely thatwaterneedswill changefrom theseinitial 
projections as the industrycontinuesto improveand 
implement water reuse. Nevertheless, the under­
standing of flow variability-especially during 
drought conditions or in regions with already 
stressed water supplies-is necessary to develop 
best management practices for water withdrawal 

It is also necessary to develop specific pol­
icies regarding when and where water with­
drawals will be permitted in each region 

After hydraulic fracturing, the pressure bar­
riers such as frac plugs are removed, the wellhead 
valve is opened, and "flowback water'' is col­
lected at the wellhead. Once the well begins to 
produce gas, this water is referred to as "produced 
water" and is recovered throughout the life of 
the well. Flowback and produced waters are a 
mixture of injected fluids and water that was 
originally present in the target or surrounding 
formations (formation water) The 
fraction of the volume of injected water that is 
recovered as flowback water from horizontal 
wells in Pennsylvaniarangesfrom 9 to 53% (9, 
with an average of 10%. It has been observed that 
the recovery can be even lower than 10% if the 
well is shut-in for a period of time ). The well 
is shut-in-or maintained closed between fractur­
ing and gas production-so as to allow the gas to 

move from the shale matrix into the new fractures. 
Two of the key unanswered questions is what 
happens to the fracturing fluid that is not re­
covered during the flowback period, and whether 
this fluid could eventually contaminate drinking 
water aquifers The analyses 
of Marcellus Shale well logs indicatethatthe low­
permeability shale contains very little free water 

and much of the hydraulic fracturing 
fluid may imbibe (absorb)into the shale. 

Fracturing fluid could migrate along aban­
doned and improperly plugged oil and gas wells, 
through an inadequately sealed annulus between 
the wellbore and casing or through natural or 
induced fractures outside the target formation. 
Indeed, out-of-formationfractures have been doc­
umented to extend as much as -460 m above the 

A 

B 

!l 
5i 100 

top of some hydraulically fractured shales 
but still -1.6 km or more below freshwater aqui­
fers. Nonetheless,on the basis of the study of 233 
drinking-water wells across the shale-gas region 
of rural Pennsylvania, Boyer et al. reported 
no major influences from gas well drilling or hy­
drofracturing on nearby water wells. Compared 
with the pre-drilling data reported in that study, 
only one well showed changes in water quality 
(salt concentration). These changes were noticed 
within days after a well was hydrofractured less 
than -460 m away, but none of the analytes ex­
ceeded the standards of the U.S. Safe Drinking 
Water Act, and nearlyall the parameters:ipproached 
pre-drilling concentrations within 10 months. 

In thecaseofmethanecontaminatiorin ground­
water near Dimock, Pennsylvania, contamination 

. . . . . . . . . . . . . . . . 

Methane (mg/L) 

1 -1.000 
1.001 - 10.000 
10.001 - 28.000 
28.001 - 69.000 

E 
f 
:I 
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Average for 34 wells in nonactive areas 
= 1.1 mg CH/L 

"' Cl) 

E 
0 
If) 50 .... 
Cl) 

.c 
E 
:I z 

0 
0 

Average for 26 wells in active areas 
= 19.2 mg CH/L 

10 20 30 40 50 60 70 
Methane concentration (mg/L) 

Fig. 2. Methane concentrations in groundwater and springs. (A) Publishecilaluesforgroundwatem 
spring samplesinclude239sitesin NewYorkfrom 1999to 2011(84),40 sitesin Pennsylvanian 2005(27), and 
170 sites in WestVirginiafrom 1997to 2005(85). Maximavariedfrom 68.5mg/Lin WestVirginiato 44.8mg/L 
in Tioga County, Pennsylvania,where an undergroundgas storage field was leaking, to a value approaching 
45 mg/Lin New York. (B) Values shown with down arrows are averages for a set of wells in southeastern 
New Yorkand northeasterRennsylvanilDcated< 1 km (26wells:and>1 km (34wells1romactive;:iasdrilling20). 
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by saline flowback brines or fracturing fluids was 
not observed One early U.S. Environmental 
Protection Agency (EPA) report suggested 
that a vertically fractured well in Jackson County, 
West Virginiainay havecontaminatedl local water 
well withgelfromfracturingluid.Thisverticalwell 
was fracturedlta depthofjust-1220m, andfourold 
natural gas wells nearby may have served as con­
duits for upward contaminanttransport. A recent 
EPA study implicated gas production wells 
in the contaminatioroJf deepgroundwaterresources 
near Pavillion,Wyoming.However,resampling of 
the monitoring wells by the USGS showed that 
the flow rate was too small to lend confidence to 
water-quality interpretations of one well, leaving 
data from only one other well to interpretwith re­
spect to contaminatio~nd regulators:irestillstudy­
ing the data The Pavillion gas field consists 
of 169 productiorrwells into a sandstone(notshale) 
formation and is unusual in that fracturing was 
completed as shallow as 372 m below ground. In 
addition, surfacecasingsof gas wells are as shallow 

as 110 m belowground,whereasthe domesticand 
stockwellsin theareaarescreeneclls deep as 244 m 
below ground. The risk for direct contaminant 
transport from gas wells to drinking-waterwells 
increases dramaticallywith a decrease in vertical 
distance between the gas well and the aquifer. 

A recent study applied a groundwater trans­
port model to estimate the risk of groundwater 
contamination with hydraulic fracturing fluid 
by using pressure changes reported for gas wells 

The study concluded that changes induced 
by hydraulic fracturing could allow advective 
transport of fracturing fluid to groundwater 
aquifers in <10 years. The model includes numer­
ous simplifications that compromise its conclu­
sions For example, the model is based on 
the assumption of hydraulic conductivity that re­
flects water-filledvoids in the geological forma­
tions, and yet many of the shale and overburden 
formations are not water-saturated Hence, 
the actual hydraulicconductivityin the field could 
be orders of magnitude lower than that assumed 

A Between cement and casing 
B Through fractures 
C Through gaps 
D Between cement and formation 
E Through cement 

Fig. 3. Typical Marcelluswell construction.(i) The conductorcasing string forms the outermostbarrier 
closest to thesurfaceto keep the upperportionofthewellfrom collapsingmd ittypicalljextendslessthan 12 m 
(40 ft) from the surface;(ii)the surfacecasingand the cementsheathsurroundingtthatextendto a minimum 
of 15 m belowthe lowestfreshwaterzone is the first layer of defense in protectingaquifers;(iii)the annulus 
between the intermediate::asingand the surfacecasing is filled with cementor a brinesolution;and (iv) the 
production string extends down to the productionzone (900 to 2800 m ), and cement is also placed in the 
annulus betweenthe intermediatasnd productioncasing. Potentialflawsin the cementannulus(lnset,"A" to 
"E") represent key pathways for gas m i gr at ia:s-Marillgifo!JllllEiDgs:Jr from the targetformation. 

in the study Furthermore,althoughdeep joint 
sets or fractures exist the assumption of 
preexisting1500-m long vertical fractures is hy­
pothetical and not based on geologic exploration. 
Hence, there is a need to establish realistic flow 
models thattake into accountheterogeneityin for­
mations above the Marcellus Shale and realistic 
hydraulic conductivitiesand fracturingconditions. 

Las~ ithaslongbeenknowr(14, 
that groundwater is salinized where deeper an­
cient salt formations are present within sedimen­
tary basins, includingbasinswith shale gas. Where 
these brines are presentat relativelyshallowdepths, 
such as in much of the northeasterrand southwest­
ern United States and Michigan, brines sometimes 
seep to the surface naturally and are unrelated to 
hydraulic fracturing.An importantresearch thrust 
should focus on understandingthese natural brine 
transport pathways to determine whether they 
could represent potential risk for contamination 
of aquifers because of hydraulic fracturing. 

Appropriate Wastewater Management Options 
The flowbackrnd producedivaterfromtheMarcellus 
Shale is the second saltiest and most radio­
genic (50) of all sedimentary basins in the United 
States where large volume hydraulic fracturing is 
used. The average amount of natural gas-related 
wastewater in Pennsylvania during 2008 to 2011 
was 26 millionbarrelsper year (a fourfoldincrease 
compared with pre-Marcellusperiod) Com­
pared with conventionalshallow wells, Marcellus 
Shale wells generate one third of the wastewater 
per unit volume of gas produced However, 
the wastewater associated with Marcellus devel­
opment in 2010 and 2011 accounted for 68 and 
79%, respectfully ,of the total oil and gas waste­
water requiring management in Pennsylvania. 
Flowback/produced water is typically impounded 
at the surface for subsequent disposal, treatment, 
or reuse. Because of the large water volume, high 
concentration of dissolved solids, and complex 
physical-chemical com pos itio nof th is wastewater, 
which includes organic and radioactive compo­
nents, the public is becoming increasingly con­
cerned about management of this water and the 
potential for human health and environmentalim­
pacts associated with the release of untreated or 
inadequately treatedwastewaterto the environment 

In addition,spillsfrom surfaceimpoundments 
and trucksor infiltratiorto groundwaterthough 

failed linersare potentialpathways for surface and 
groundwater contamination by this wastewater. 

Treatment technologies and management 
strategies for this wastewater are constrained by 
regulations, economics of implementation, tech­
nology performance, geologic setting, and final 
disposal alternatives The majority of waste­
water from oil and gas production in the United 
States is disposed of effectively by deep under­
ground injection(68). However, the state of Penn­
sylvania has only five operating Class II disposal 
wells. Although underground injection disposal 
wells will likely increase in number in Pennsyl­
vania, shalegas developmentis currentlyoccurring 
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in many areas where Class 11 disposal wells will 
not be readily available. Moreover, permissions 
for and constructionof new disposalwells is com­
plex, time-consuming, and costly. Disposal of 
Pennsylvania brines in Ohio and West Virginiais 
ongoing butlimitedby high transportation costs. 

The lack of disposalwell capacityin Pennsylva­
nia is compoundedby rareinducedlow-magnitude 
seismic events at disposal wells in other locations 

It is likelythatthe disposalof wastewater 
by deep-well injection will not be a sustainable 
solution acrossmuchof PennsylvaniaNonetheless, 
between 1982 and 1984, Texas reported at most 
-100 cases of confirmedcontaminationof ground­
water from oilfield injection wells, saltwater pits, 
and abandonedwells, even though at thattime the 
state hosted more than 50,000injectionwells asso­
ciated with oil and gas Most problems were 
associated with small, independentoperators.The 
ubiquity of wells and relativelackof problemswith 
respect to brinedisposalin Texas is one likely ex­
planation why public push back against hydraulic 
fracturing is more limited in Texas as compared 
with the northeasternUnited States. 

Another reason for public pushback in the 
northeast may be that in the early stages of 
Marcellus Shale development, particularly in 
2008 to 2009, flowback/producedwater was dis­
charged and diluted into publicly owned treat­
ment works (POTWs, or municipal wastewater 
treatment plants) under permit. This practice was 
the major pathway for water contamination be­
cause these POTWs are not designed to treat total 
dissolved solids (TDS), and the majority ofTDS 
passed directlyinto the receivingwaterways(6, 
resulting in increasedsaltloading in Pennsylvania 
rivers, especially during low flow In re­
sponse, the Pennsylvania DEP introduced dis­
charge limits to eliminate disposal of Marcellus 
Shale wastewaterto POTWs In early2010, 
there were 17 centralized waste treatment plants 
(CWTs) in Pennsylvaniathatwereexemptedfrom 
the TDS discharge limits. However, according to 
Pennsylvania DEP records none of these CWTs 
reported to be currentlyreceivingMarcelluswaste­
water, although they may receive produced water 
from conventional gas wells. Nevertheless, the 
TDS loadto surfacewatersfromflowback/produced 
water increased from -230,000 kg/day in 2006 to 
350,000 kg/day in 2011 

It is difficult to determine whether shale gas 
extraction in the Appalachian region since 2006 
has affectedwaterqualityregionally, becausebase­
line conditions are often unknown or have al­
ready been affected by other activities, such as 
coal mining. Although high concentrations of 
Na, Ca, and Cl will be the most likely ions de­
tected ifflowback or produced waters leaked into 
waterways these salts can also originate from 
many other sources In contrast, Sr, Ba, and 
Br are highly specific signatures of flowback and 
produced waters Ba is of particular in­
terest in Pennsylvania waters in that it can be high 
in sulfate-poorflowback/producedl\/aters but low 
in sulfate-containin~oa~mine drainage.Likewise, 

the ratio of 87 Sr/86Srm ayb ea ni sotopicf inger­
print of Marcellus Shale waters 

Targeting some of these "fingerprint" con­
taminants, the Pennsylvania DEP began a new 
monitoring program in 2011. Samples are col­
lected from pristine watersheds as well as from 
streams near CWT discharges and shale-gas drill­
ing. The Shale Network is collating these mea­
surements with high-quality data from citizen 
scientists, the USGS, the EPA, and other entities 
in order to assess potential water quality impacts 
in the northeast(78, Before 2003, mean con­
centrations in Pennsylvania surface waters in 
counties with unconventional shale-gas develop­
ment were 27 T 32, 550 T 620, and 72 T 81 mg/L 
for Ba, Sr, and Br (T1s), respectively (Fig. 4). 
Most values more than 3s above the mean con­
centrations since 2003 represent samples from 
areas of known brine effluents from CWTs. A 
concern has been raisedoverbromidelevelsin the 
Allegheny River watershed that may derive from 
active CWTs because of health effects associated 
with disinfection by-products formed as a result 
of bromide in drinking water sources 
Given the current regulatory climate and the 
fact that the majority of dissolved solids passes 
through these CWTs, it is expected that these 
treatment facilities will likely not play a major 
role in Marcellus Shale wastewater management. 

The dominant wastewater management prac­
tice in the Marcellus Shale region nowadays is 
wastewater reuse for hydraulic fracturing [a 
review of Pennsylvania DEP data for the first 
6 months of2012 indicates 90% reuse rate (81)]. 
Wastewater is impounded at the surface and used 
directly, or after dilution or pretreatment. Reuse 
of wastewater minimizes the volume that must be 
treated and disposed, thus reducing environmen­
tal control costs and risks and enhancing the 
economic feasibility of shale-gas extraction 
Currently, operators in the Marcellus region do 
not fully agree about the quality of wastewater 
that must be attained for reuse. Major concerns 
include possible precipitation of BaS04 and, to a 
lesser extent, SrS04 and CaC03 in the shale for­
mation and the well bore and the compatibility of 
wastewater with chemicals that are added to the 
fracturing fluid (such as friction reducers and vis­
cosity modifiers). Hence, a better understanding 
of chemical compatibility issues would greatly 
improve the ability to reuse wastewater and min­
imize disposal volumes. In addition, radioactive 
radium that is commonly present in flowback/ 
produced water will likely be incorporated in the 
solids thatform in thewastewatertreatmentprocess 
and could yield a low-concentration radioactive 
waste that must be handled appropriately and has 
potential on-site human health implications. 

The wastewater reuse program represents a 
somewhat temporarysolutionto wastewaterman­
agement problemsin any shale play.This program 
works only as long as there is net water consump­
tion in a given well field.As the well field matures 
and the rate of hydraulic fracturing diminishes, 
the field becomes a net water producer because 

the volume of produced water will exceed the 
amount of water needed for hydraulic fracturing 
operations It is not yet clear how long it 
will take to reachthatpointin the Marcellusregion, 
but it is clear that there is a need to develop add i­
tional technical solutions (such as effective and 
economical approaches for separation and use of 
dissolved salts from produced water and treat­
ment for naturally occurring radioactive material) 
that would allow continued development of this 
important natural resource in an environmen­
tally responsible manner. Considering very high 
salinity of many produced waters from shale gas 
development, this is truly a formidable challenge. 
Research focused on betterunderstanding:if where 
the salt comes from and how hydrofracturingnight 
bed esignedt om inimizes altr eturnt ot hel and 
surface would be highly beneficial. 

Conclusions 
Since the advent of hydraulic fracturing, more 
than 1 millionhydraulicfracturingtreatmentshave 
been conducted, with perhaps only one docu­
mented case of direct groundwater pollution 
resulting from injection of hydraulic fracturing 
chemicals used for shale gas extraction(54). Im­
pacts from casingleakage,well blowouts,and spills 
of contaminated fluids are more prevalent but 
have generallybeen quicklymitigated(17). How­
ever, confidentialityrequirements dictatedby legal 
investigations, combined with the expedited rate 
of developmen'and the lim itedfundingfor research, 
are substantial impediments to peer-reviewed re­
search into environmental impacts. Furthermore, 
gas wells are often spaced closely within small 
areas and could result in cumulative impacts (5) 
that developso s lowlythatthey are hard to measure. 

The public and government officials are con­
tinuing to raise questions and focus their attention 
on the issue of the exact composition of the hy­
drofracturing fluid used in shale formations. In 
2010, the U.S. House of Representativesdirected 
the EPA to conducta study of hydraulicfracturing 
and its impact on drinking-waterresources. This 
study will add important information to account 
for the fate of hydraulic fracturing fluid injected 
into the gas-bearing formation. It is well known 
that a large portion (as much as 90%) of injected 
fluid is not recovered during the flowbackperiod, 
and it is importantto documentpotentialtransport 
pathways and ultimate disposition of the injected 
fluid. The development of predictive methods to 
accurately accou ntfor the enti ref I u idvo I umebased 
on detailedgeophysicaland geochemicalcharacter­
istics of the formation would allow for the better 
design of gas wells and hydraulicfracturingtech­
nology, which would undoubtedly help alleviate 
public concerns. Research is also needed to opti­
mize water managementstrategiesfor effectivegas 
extraction. In addition,the impactof abandonedoil 
and gas wells on both fluid and gas migrationis a 
concern that has not yet been adequatelyaddressed. 

Gas migration received considerable attention 
in recent years, especially in certain parts of the 
Appalachian basin(suchas northeas1Pennsylvania). 

1235009-6 17 MAY 2013 VOL 340 SCIENCE www.sciencemag.org 

EPAPAV0132766 

E 
e --0 
(].) 
-0 
co 
0 
c: 
5 
0 
0 



A 

101 ...----------------1 
Barium, total (Shale Network) 
Barium (EPA STORET) 

106 

Barium, dissolved (USGS NWIS) 
+ Barium, total (PA DEP SAC046) 

10-1 -+--.-----.--..--.--...--.-----.--..--.--...---' 
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 

Year 

c 
10

7

~------------------~ 

106 

l!i 104 

~ 
~ 103 

c ----
0 
(,) 

Q) 102 

"Cl ·e 
E 101 

IXI 

10° 

+ + 
+ 

B 
10' ...-------i 

106 

~ 105 

.:!! 
c 
0 10' 
~ c 
~ 103 

c 
8 
E 102 
::i 
:;::; 
c 
E 101 

<n 
10° 

Strontium, total (Shale Network) 
Strontium (EPA STORET) 
Strontium, dissolved (USGS NWIS) 

+ Strontium, total (PA DEP SAC046) 

10-1 -+--...----.---..---.--...--...----.,....--,..---.--...-----1 
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 

Year 

Bromide, total (Shale Network) 
Bromide (EPA STORET) 
Bromide, dissolved (USGS NWIS) 

10-• -1----...---...---~--~---~--1 Bromide, total (PA DEP SAC046) 2009 2010 2011 .__ ___________ ___. 

Year 

Fig. 4. Concentrationsofthreeions in surfacewatersof Pennsylvaniain 
counties with unconventionalshale-gaswells: (A) barium, (B) strontium, 
and (C) bromide. Data reported by EPA (STORET data), USGS (NWIS data), 
Susquehanna River Basin Commission ,AppalachianGeolog ical Consulting and 
ALlARM [from Shale Networkdatabase(78, 79)], and from the PennsylvaniaJEP 
(SAC046) include all rivers, streams, ponds, groundwaterdrains, lysimeterwa-
ters, and mine-associated seep, and discharge waters accessed by using 
HydroDesktop ) in the relevant counties (data before 2009 for 
bromide are shown). Lines indicate 3s above the mean of data from 1960 
to 2003 for the longest duration dataset (USGS). Most values above the lines 

since 2003 representtargeted sampling in areas of known brine effluents from 
conventional oil and gas wells (such as Blacklick Creek receiving brine effluent 
from a CWT). The highest plotted Ba concentration was measured in Salt 
Springs in northern Pennsylvania. Three of the four samples with highest Sr 
and Br are from Blacklick Creek; next highest is from Salt Springs. Original 
values reported beneath the detectionlim itare plotted at that limit( 10 to 100 mg 
Sr/L; 10 mg Ba/L; and 10 to 200 mg/L Br). The EPA maximum contaminantlevel 
(MCL) for Ba is 2000 mg/L. EPA reports no MCL for Sr or Br. Lifetimeand 1-day 
health advisory levels for Sr are 4000 and 25000 mg/L, respectively ,and a level 
under considerationfor Br is 6000 mg/L. 

It has been known for a long time that methane 
migrates from the subsurface( such as coal seams, 
glacial till, and black shales), and the ability to 
ignite methane in groundwater from private wells 
was reported long before the recent development 
of the Marcellus Shale However, in the ab­
sence of reliable baseline information, it is easy 
to blame any such incidents on gas extractionac­
tivities. It is therefore critical to establish baseline 
conditions before drilling and to use multiple 

lines of evidence to better understand gas mi­
gration. It is also important to improve drilling 
and cementing practices, especially through gas­
bearing formations, in order to eliminate this po­
tential pathway for methane migration. 

ing the concerns regarding the vast salt quantities 
that are brought to the surface (each Marcellus 
well generates as much as 200 tons of salt during 
the flowback period). However, there is a need 
for comprehensive risk assessment and regula­
tory oversight for spills and other accidental dis­
charges of wastewater to the environment. As 
these well fields mature and the opportunities for 
wastewater reuse diminish, the need to find alter­
native management strategies for this wastewater 

Water management for unconventional shale 
gas extraction is one of the key issues that will 
dominate environmental debate surrounding the 
gas industry. Reuse of flowback and produced 
water for hydraulicfracturingis currentlyaddress-
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will likely intensify. Now is the time to work on 
these issues in order to avoid an adverse envi­
ronmental legacy similar to that from abandoned 
coal mine discharges in Pennsylvania. 
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